Near surface pollution levels over the northern Indian Ocean during the winter monsoon period are subject to large variations between different months and different years. We study this variability using global chemistry-climate model simulations of the Indian winter monsoon during February and March of 1996 to 1999. Previously it was shown that the model reproduces the observed differences in near surface Carbon Monoxide (CO) pollution amounts. Our results suggest that three processes largely determine the CO variability during the winter monsoon: the monsoonal cycle, El Niño and the Madden-Julian oscillation. During the winter monsoon northeasterlies advect polluted air masses in the boundary layer from the continents to the InterTropical Convergence Zone (ITCZ). Variations in the strengths of the Asian continental high pressure and the ITCZ strongly influence pollution levels over the continent and the northern Indian Ocean. Strong continental outflow and a strong ITCZ moderate pollution concentrations through efficient transport. Strong continental outflow combined with a weak ITCZ, on the other hand, prevents efficient removal of pollution from the marine boundary layer, hence CO accumulates. During an El Niño the Asian continental high pressure reduces, which weakens advection of polluted air masses, reduces CO buildup in the boundary layer near the sources over land and decreases CO mixing ratios over the northern Indian Ocean. Variations in the ITCZ convection strenght are associated with active (strong) and passive (weak) phases of the MaddenJulian oscillation (MJO). During active phases the ventilation of pollution from the marine boundary layer reduces CO concentrations.
INTRODUCTION

Introduction
One of the intriguing aspects of the INDian Ocean EXperiment (INDOEX) was the observation that air masses over the northern Indian Ocean contained much more pollutants like CO and aerosols during the Intensive Field Phase (IFP, February-March 1999) than during the First Field Phase (FFP, February-March 1998) [Coakley et al., 2001] . The reason for this difference has been subject of debate since the IFP.
To explain the differences between different months and years it is important to understand the dynamics of the general circulation over the Indian Ocean. Many processes on different spatial and temporal scales play a role in this circulation. The shortest time scale on which the controlling processes take place, apart from diurnal variations, is 3-7 days. In a pre-INDOEX study from Krishnamurty et al. [1997] it was found that the variability on this time scale is related to the different "inflow channels" of the InterTropical Convergence Zone (ITCZ). These channels advect air masses from subtropical latitudes towards the ITCZ during the winter monsoon. They are typically located in the western Arabian Sea, the western Bay of Bengal and the southeastern Indian Ocean. The strength of these channels shows a 3 to 7-day variability, related to baroclinic disturbances propagating eastward at subtropical latitudes. Variability on a 3-7 day time scale can be discerned in, for example, the modeled CO mixing ratios in .1 Surface CO mixing ratio (ppbv) at 5. 6°N, 76.9° E, for February and March 1999 , 1998 , 1997 and 1996 , calculated with the ECHAM4 chemistry-general circulation model. The solid lines correspond with the monthly averaged modeled CO mixing ratios.
Figure 6.1. However, the amplitude of CO variations on this time scale are relatively small compared to the differences between February 1999 and 1998. Another type of variability in the tropical circulation patterns, taking place on a 30-60 day time scale, is the so-called "Madden-Julian" oscillation (MJO). This variability is especially manifest at higher altitudes in, for example, the wind fields or the outgoing long wave radiation [e.g. Knutson and Weickmann, 1987] . The MJO is related to uppertropospheric eastward propagating waves, causing increases and decreases in the strength of convection. It is believed that the MJO is the result of complex interactions between tropical waves and convection, although the exact mechanism is still debated [e.g. Waliser et al., 1999] .
Furthermore, the monsoon has its own interannual variability, the Tropical Biennial Oscillation (TBO). Observations show that a strong monsoon is often followed in the next year by a weaker monsoon [Meehl, 1997] . This feature appears to be more important for the Indian summer monsoon than for the winter monsoon.
According to Webster et al. [1999] another oscillation exists in the Indian Ocean basin because of a coupled ocean-atmosphere interaction, which behaves similar to the El Niño/Southern Oscillation (ENSO) over the Pacific Ocean. The time scale of this phenomenon is not exactly known.
The last (known) mechanism, which could explain part of the observed variability, is ENSO, which also affects the monsoon circulation over the Indian Ocean. The atmospheric circulation during an El Niño year is characterized by changes in the precipitation patterns. El Niño is associated with complex interactions between the equatorial ocean and atmosphere circulations, and it is know that El Niño affects the summer monsoon [Webster et al., 1998 ]. It is therefore plausible that El Niño also affects the winter monsoon circulation.
Our approach to explain the observed variability of the Indian winter monsoon circulation has been to establish whether or not the our chemistry-general circulation model the observations, in particular the more polluted 1999 compared to 1998, and subsequently use the model as a tool for analysis. We have shown in previous work that the model represents CO levels over the northern Indian Ocean quite accurately [De Laat et al, 1999 , 2001 . From Figure 6 .1, which shows the modeled CO mixing ratios at 5.6°N, 76.9°E, during the February and March period for 1996 to 1999, the CO variability is quite evident, indicating that February 1999 was more polluted than the other periods shown.
It is important to note that in these simulations the model emissions are the same for all years. Furthermore, the total CO emissions used in the model for the Indian subcontinent add up to 20 Tg C for February and 19 Tg C for March [EDGAR v2.0 database, Olivier et al., 1996; Hao and Liu, 1994] . The difference in CO emissions (5 %) between February and March cannot explain the differences between February 1999 and the other months (of the order of 20-40 %).
The 1999-1998 differences may partially be related to El Niño, because from summer 1997 to early 1998 a particularly strong El Niño occurred. However, El Niño does not explain why 1999 was also much more polluted than early 1997 and 1996, previous to this El Niño year. Therefore, other mechanisms must be involved as well.
In this study we investigate how the variability of CO over the Indian Ocean is linked to the different processes that play a role in the general circulation in this region.
In section 6.2 we explain the spatial and temporal scales of the processes that determine the variability of the winter monsoon circulation. In section 6.3 we present model results for the February months of 1996 to 1999. In section 6.4 we discuss these results and explain the year to year variations using the processes, and we briefly discuss model results for the March months of 1996 to 1999. We end with a summary and conclusions in section 6.5.
Variability of the winter monsoon circulation
The large scale circulation over the Indian and Pacific Oceans during the winter monsoon can be characterized by three main branches [ Figure 6 .2, adapted from Webster et al., 1998 ]. These branches have a common origin, the convective regions over northern Australia and Indonesia. The Walker circulation couples the monsoon with the Pacific Ocean atmosphere. The transverse monsoon links the monsoon convection with high pressure areas over the southern Indian Ocean, and the lateral monsoon links the monsoon convection with the high pressure area over central Asia.
At the surface a flow from the subtropical high-pressure areas towards the ITCZ is present over the Indian Ocean. This circulation is the result of a pressure gradient between the high pressure areas over the Asian continent and the southern Indian Ocean, and the ITCZ where the surface pressure is low. The surface flow advects polluted northern hemispheric air masses from the north and clean southern hemispheric air masses from the south toward the ITCZ. The presence of the Asian continent north of Indian Ocean causes high surface temperatures during summer, which causes the ITCZ to advance relatively far north. Air masses are advected from the warm and moist Indian Ocean towards India, bringing extensive rainfall. At the end of the summer (early September) the ITCZ starts to withdraw from India. This southward withdrawal is a gradual process during which the ITCZ follows the maximum in solar radiation. By December the monsoonal rains have disappeared from India, although convection occasionally occurs over southern India during the entire winter monsoon period. In the mean time, the Asian continent cools during autumn because of lower solar radiation and snowfall, and high pressure gradually builds up. This results in a surface pressure gradient between the continent and the ITCZ. The circulation reverses and dry and cold air masses start to be advected from the continent to the ITCZ over the Indian Ocean, the continental outflow. By December the ITCZ is located south of the Equator, and it remains there until spring (March) when the maximum in solar radiation moves back to the northern hemisphere. At the same time the high-pressure area over the Asian continent weakens due to higher surface temperatures, and the continental outflow weakens. The ITCZ continues to follow the maximum in solar radiation north until it has returned to India by June. This cycle occurs every year with a remarkable regularity. For large parts of southeast Asia and India the monsoon rains return every year in almost the same week.
El Niño
The most important process causing variations in the monsoon circulation is El Niño. This phenomenon changes the tropical circulation over the entire globe. During an El Niño year sea surface temperature anomalies cause an eastward shift of the deep convection over the tropical Pacific Ocean. This shift of convection changes the tropical Walker circulation. It also affects the convection over South America and Africa, which shifts eastwards from the equatorial landmasses towards the equatorial Oceans. In the Indian Ocean region El Niño causes a decrease of the convective activity over Indonesia and northern Australia, and an increase east of Madagascar. As a result, the circulation over the Indian Ocean changes considerably. The lateral monsoon weakens (Figure 6 .2), thereby weakening the high-pressure area over the Asian continent. The convective area east of Madagascar causes strong upper tropospheric outflow and subsidence, which suppresses the occurrence of convection over the central and eastern equatorial Indian Ocean. The higher equatorial surface pressure over the Indian Ocean and the lower continental surface pressure decrease the pressure gradient over the Indian Ocean and thus the continental outflow. In the mean time, the strong convection east of Madagascar causes enhanced southward advection of northern hemispheric air masses along eastern Africa.
Madden-Julian Oscillation.
Another process that plays an important role in the variability of the (winter) monsoon circulation is the Madden-Julian oscillation (MJO). This feature, accompanied by variations in convective activity, is still not fully understood. The oscillation is associated with eastward propagating waves in the upper troposphere, and consists of periods of weak and strong convective activity along the ITCZ on a time scale of 30-60 days. The MJO is best distinguished in upper tropospheric meteorological variables like the outgoing longwave radiation or the velocity potential [e.g. Knutson and Weickman, 1987; Matthews et al., 1999] .
Although the MJO is a reoccurring feature, the oscillation itself is rather irregular. Periods with decreased MJO-activity are often seen in both observations and model simulations [Waliser et al., 1999; Matthews et al., 1999] , and the period of the MJO also varies considerably between 30 and 60 days. The MJO exhibits its greatest variability over the Indian and western Pacific Oceans. Over the Eastern Indian Ocean the MJO activity weakens, also because the Andes mountains in South America deflect the MJO wave north and south along the mountain range, thereby decreasing the MJO activity [Waliser et al., 1999; Matthews et al., 1999] . During strong El Niño years the MJO appears to weaken [Slingo et al., 1996] .
Active and passive phases of the MJO are associated with strong and weak convection in the ITCZ. Strong ITCZ convection is associated with strong advection of air masses from the surrounding oceans to the convective areas, and similarly, weak convection is associated with weak advection. The strong advection and convection will lead to an efficient transport of pollutants in the boundary layer from the source regions and subsequently rapid vertical transport and upper tropospheric detrainment as well as removal of soluble species. If the convection is weak, the advection is less efficient and the amount of pollution removed from the boundary layer is smaller. Figure 6 .4 Average differences in model calculated CO surface mixing ratios (ppbv) over the Indian Ocean between February 1999 February and 1998 February , 1997 February and 1996 airmasses approach the ITCZ, situated around 10°S. Around 15°S an area with negative CO mixing ratio differences exist, indicating that during 1999 the pollution advanced less far south. The differences are largest for 1999-1998, smaller for 1999-1997 and smallest for 1999-1996 . Furthermore, during 1998 an area with relatively high CO mixing ratios compared to 1999 is found east of Madagascar. This is caused by the occurrence of deep convection east of Madagascar during the El Niño year. The transport of polluted northern hemispheric air masses reaches further south during 1998 than during the other years. Figure 6 .5 shows the average surface wind field for the four different years. For all years northeasterlies and southeasterlies are found north and south of the equator. However, large differences occur around the equator. During 1997 and 1996 strong convergence takes place around 10°-15°S. This indicates strong convection in the ITCZ. During 1999 and 1998 the convergence at the ITCZ is much weaker, associated with weaker convection. Furthermore, the 1998 El Niño year shows significant differences compared to the other years. In general the winds towards the ITCZ are weaker, and a cyclonic flow is found east of Madagascar.
ECHAM4 model results for February.
Comparing the differences in CO mixing ratios with the differences in the surface wind fields, one can deduce how these differences occur. The northeasterlies over the Bay of Bengal and the Arabian Sea are strong in 1999, 1997 and 1996 . This causes a constant strong advection of CO from the source regions in India and Southeast Asia. However, during 1999 the convergence at the ITCZ and the winds towards the ITCZ are much weaker than during 1997 and 1996. The weaker convergence and thus weaker convection cause less vertical transport during 1999 compared to 1997 and 1996. Because the continental outflow remains strong during 1999, CO accumulates over the northern Indian Ocean causing relatively high CO mixing ratios. The ITCZ is located further south during 1997 and 1996 compared to 1999, leading to slightly higher CO mixing ratios in a band around 15°S during 1997 and 1996.
Comparing 1997 with 1996 indicates that the ITCZ was more intense in 1997 than in 1996. This resulted in a less efficient advection and vertical transport during 1996, leading to higher CO mixing ratios during 1996 compared to 1997.
The differences in CO mixing ratios between 1999 and 1998 appear similar to the differences between 1999 and 1997-1996, but the explanation is different. Both during 1999 and 1998 the ITCZ is weak over the Indian Ocean. However, the continental outflow is also weak during 1998, whereas during 1999 it is strong. Hence, a significant part of the CO pollution never reaches the Indian Ocean in the first place during 1998, in contrast with 1999. Figure 6 .6 shows the average modeled velocity potential at 190 hPa for February, and the corresponding divergent part of the wind field. The divergent part of the wind field is derived from the horizontal gradient in the velocity potential, with the wind direction from low to high values of the velocity potential. The lateral and transverse monsoon circulations can be clearly discerned. The changes in the convection strength are reflected in the modeled velocity potential. Strong outflow over the equatorial Indian Ocean is found during February 1996 and 1997, whereas during February 1999 the outflow is relatively weak over the western Indian Ocean with even an area of local convergence. This convergence results in descending air masses and suppressed convection. The increased convective activity east of Madagascar and the decreased convective activity over northern Australia during the February 1998 El Niño are also clearly visible. Comparing 1999 Comparing , 1997 Comparing and 1996 , the equatorial outflow is strongest during 1997, somewhat weaker during 1996 and much weaker during 1999, especially over the western part of the Indian Ocean. This coincides with strong convection during 1997, somewhat weaker convection during 1996 and much weaker convection during 1999. This pattern can also be found in the average modeled precipitation rate in Figure 6 .7, in which the changes in convective activity during the 1998 El Niño are visible, i.e. reduced convection over northern Australia and strong convection east of Madagascar.
Discussion
According to Figure 6 .1, the differences in CO mixing ratios in March between the different years are small,. An analysis of the circulation patterns and the convective activity for March 1996 to 1999 ( 1999, 1998, 1997 and 1996. passive phase of the MJO. A similar pattern was found in the precipitation rate, with very weak convection during March 1997 and 1998. This does not result in large differences in CO mixing ratios as occurred during February, although the CO mixing ratios during March 1999 and 1996 are slightly higher than during 1998 and 1997. During March, the landmasses at the northern Indian Ocean rim become warmer due to the stronger solar radiation, resulting in a weakening of the high-pressure areas. This reduces the continental outflow considerably, and less polluted air masses are advected from the continent to the Indian Ocean. Because of the passive phase of the MJO and relatively weak convection, the pollution that reaches the Indian Ocean is not advected very far south during 1998 and 1997. During 1996 and 1999 active phases of the MJO occur, and the pollution that reaches the Indian Ocean is advected towards the ITCZ, resulting in higher CO mixing ratios over the equatorial Indian Ocean during 1999 and 1996 compared to 1998 and 1997.
Conclusions
The influence of the different processes on pollution advection over the northern Indian Ocean during the winter monsoon can be summarized as follows: a) During an El Niño year the location of equatorial convection changes drastically. The convection over northern Australia weakens and strong convection occurs east of Madagascar. The weakening of convection over northern Australia weakens the lateral monsoon, which in turn lowers the surface pressure over the Asian continent. This leads to a reduction of the continental outflow, so that less pollution from southeast Asia reaches the Indian Ocean. The strong convection east of Madagascar contributes to a strong southward advection of polluted northern hemispheric air masses east of Africa.
b) The active and passive phases of the MJO cause large differences in the convection strength within the ITCZ. Strong convection enhances advection of air masses in the boundary layer towards the ITCZ and subsequent efficient and rapid vertical transport of the air pollution. Weak convection is associated with accumulation of polluted air masses in the marine boundary layer over the northern Indian Ocean.
c) The annual cycle of the monsoon circulation determines the strength of the continental outflow during different months. During February the outflow is strong due to strong subsidence north of the Indian Ocean. During March, because of the heating of landmasses north of the Indian Ocean, the high pressure system weakens which also reduces the continental outflow. Thus, in normal (average) years the annual cycle in the continental outflow has the strongest outflow during mid-winter and weaker outflow during spring. During an El Niño year the outflow is weaker. During the 1998 El Niño year the sea surface temperatures (SST) over almost the entire Indian Ocean were about 1°C higher than during 1996 , 1997 and 1999 [Webster et al., 1999 . Nevertheless, the ITCZ convection was still weak, despite the fact that, in absence of large scale forcing, the convection strength is highly dependent on the SST [e.g. Lau et al., 1997] . This illustrates the importance of EL Niño in the tropical circulation.
Furthermore, the convection strength in the ITCZ determines the efficiency of pollution advection towards the ITCZ and removal from the boundary layer. Active and passive phases of the MJO cause strong and weak convection in the ITCZ, respectively, and thus the strength of advection of air masses towards the ITCZ. The combination of these different processes determines the amount of pollution over the northern Indian Ocean. The high levels of CO over the northern Indian Ocean observed during INDOEX in February 1999, i.e. up to 50 % higher than in other years, can be understood as a concerted action from the MJO and El Niño. The improved insight into these large scale meteorological phenomena contributes to the understanding of air pollution in the region. Once pollution measurements over Indian and neighboring countries become available, our analysis can be extended to the south and southeast Asian region.
